Introduction membrane depolarization, independent of GluR activation. No experimental manipulation, to date, has specifiThe precise regulation of neural excitability is essential cally altered postsynaptic membrane excitability and for proper nerve cell, neural circuit, and nervous system assayed for homeostatic-synaptic compensation. In function. During postembryonic development and throughprinciple, a cellular monitor of membrane depolarization out life, neurons are challenged with perturbations that would include a voltage sensor such as a voltage-gated can alter excitability including changes in cell size, channel. Indeed, it has been hypothesized that calcium changes in the amount of innervation, and changes to entry via voltage-gated calcium channels could be used synaptic efficacy (Davis and Bezprozvanny, 2001; Davis to homeostatically control ion channel density (Goloand Goodman, 1998a). Numerous experiments demonwasch et al., 1999; Liu et al., 1998). Such a model would strate that neurons are able to compensate for these allow cellular excitability, which is the parameter that is types of perturbations in order to maintain appropriate being maintained by the homeostatic regulatory changes levels of excitation (Davis and Bezprozvanny, 2001;  to synaptic function, to be directly monitored. Davis and Goodman, 1998a; Turrigiano, 1999). The abilHere we provide evidence that a monitor of membrane ity of a neuron or muscle cell to maintain excitation depolarization is sufficient to trigger a homeostatic reguwithin a narrow physiological range is a form of electrical lation of synaptic function at the Drosophila neuromushomeostasis in the nervous system. Despite the imporcular junction (NMJ). We have specifically manipulated tance of homeostatic regulation for the control of neural the ability of the synapse to depolarize postsynaptic activity the mechanisms of homeostatic regulation in muscle without altering GluR function, GluR activation, the nervous system remain obscure. or target innervation. This was achieved by expressing Experiments that have tested for the presence of hoa potassium channel in muscle that passes a significant meostasis in the nervous system have examined synapoutward current and therefore impairs muscle depolartic function after experimental manipulation of neuronal ization both by opposing synaptic depolarization and by activity ( The Kir2.1 subtype of inward-rectifying potassium channels passes either inward or outward current at a given transgene was expressed using a muscle-specific Myosin Heavy Chain promoter that drives GAL4 expression membrane potential depending on the driving force for potassium at that potential (Nichols and Lopatin, 1997). exclusively in muscle (Davis et al., 1998). The postsynaptically expressed Kir2.1 channel localizes to synaptic
We examined the function of the Kir2.1 channel in Drosophila muscle using two-electrode voltage clamp at boutons based on GFP fluorescence surrounding the presynaptic nerve terminal as defined by anti-synapsin muscle 6 of segment A3 in female third instar larvae (Figure 2 ). Kir2.1 expression in Drosophila muscle generstaining ( Figures 1A and 1B) . The synaptic localization is achieved, in part, via a consensus PDZ-interaction ates a large inward current at potentials hyperpolarized relative to Ϫ85 mV and a substantial outward current at domain consisting of the C-terminal three amino acids ( Figures 1E-1J) .
potentials depolarized relative to Ϫ85 mV ( Figure 2A ). The outward current in Kir2.1-expressing muscle is, at The presence of Kir2.1 at the synapse does not dramatically alter synaptic morphology ( Figures 1C and 1D) . maximum, 15 nA greater than the outward current observed in wild-type muscle and is observed throughout There is a small but statistically significant decrease in both muscle size and bouton number at synapses the range of membrane potentials from Ϫ85 to Ϫ15 mV ( Figure 2A , gray box). This is the voltage range over expressing Kir2.1 in postsynaptic muscle. Surface area of muscles 6 and 7 of segment A3 combined (as estiwhich the synaptic potential depolarizes muscle to induce muscle contraction. Thus, expression of the Kir2.1 mated by the rectangular surface area of the muscles expressed as 10 4 m 2 ) in genetic controls is 10.4 Ϯ 0.2 channel will act to oppose synaptic depolarization of the muscle fiber. At approximately Ϫ15 mV, there is no for MHC-GAL4/ϩ (n ϭ 19) and 9.8 Ϯ 0.3 for UAS-Kir/ϩ (n ϭ 23) compared to 8.7 Ϯ 0.3 for the experimental significant difference in current between wild-type and Kir2.1-expressing muscle (Figure 2A ), presumably begenotype UAS-Kir/MHC-GAL4 (n ϭ 28). Average bouton number at muscles 6 and 7 are 95.6 Ϯ 3.7 for MHCcause current flow through the Kir2.1 channel is increasingly blocked by Mg 2ϩ ions or polyamines at depolarized GAL4/ϩ (n ϭ 19) and 113.6 Ϯ 3.9 for UAS-Kir/ϩ (n ϭ 23) compared to 85.2 Ϯ 3.1 for the experimental genopotentials relative to E k (Nichols and Lopatin, 1997). Because the Kir2.1 channel shows a voltage-dependent type UAS-Kir/MHC-GAL4 (n ϭ 28). There is no significant change in bouton size comparing control with Kir2.1-change in current, Kir2.1 expression causes a nonlinear change in muscle excitability. The current-voltage relaexpressing synaptic boutons ( Figures 1C and 1D most effective and selective pharmacological blocker proximately 15-fold but has no effect on the controls (Table 1) . Ba 2ϩ treatment also improves the resting memyet identified. Treatment of the Drosophila larval preparation with physiological saline including 0.3 mM BaCl 2 brane potential in the Kir2.1-expressing animals as well as the membrane time constant (Table 1) . Thus, expresfor 5 min prior to electrophysiological recording efficiently blocks the large inward and outward currents in sion of the Kir2.1 channel alters the membrane properties of muscle in a manner consistent with a dramatic Drosophila muscle expressing the Kir2.1 channel ( Figure  2B ). This treatment has little effect on wild-type muscle increase in potassium ion flow across the cell membrane. (Figure 2C ). These results indicate that the novel inward and outward currents in the Kir2.1-expressing muscle are due to expression of a functional Kir2.1 channel. Figure 2A ). The input resistance of a cell is the impedance of the membrane to current the Kir2.1 channel, this suggests that the altered membrane properties of the Kir2.1-expressing muscle are flow across the membrane. Expression of the Kir2.1 channel lowers the input resistance of muscle approxiresponsible for the observed decrease in average mEPSP amplitude rather than a change in current flow mately 50-fold compared to control genotypes (Table  1 ). In addition, the muscle membrane time constant is through postsynaptic GluRs. This was tested directly by quantifying synaptic current (see below). ten times faster in Kir2.1-expressing muscle (Table 1) .
Kir2.1 Expression Impairs Muscle Excitability
Treatment with 0.3 mM Ba 2ϩ , which blocks the Kir2.1 There is a discrepancy between the change in muscle input resistance and the change in mEPSP amplitude channel (see Figure 2) expressing muscle), while mEPSP amplitude changes are able to depolarize muscle to the same absolute membrane potential as wild-type synapses in 0.5 mM only 2-fold. This discrepancy could be due to a number of factors. We are almost certainly overestimating the Ca 2ϩ ( Figure 4A ). In order to achieve the same absolute membrane potential, EPSPs at Kir2.1-expressing musmEPSP amplitude in Kir2.1-expressing muscle because small spontaneous events that would be detected in cle are ‫%03ف‬ larger than those in control animals ( Figure  4A ). Homeostatic compensation is therefore demonwild-type muscle are likely to be undetectable in Kir2.1-expressing muscle. This possibility is supported by the strated because the EPSP at Kir2.1-expressing muscle is able to reach wild-type membrane potentials deobservation that the frequency of mEPSPs in Kir2.1-expressing muscle is 5.3 Hz, but this increases to 7.6 Hz spite significantly impaired muscle excitability (reduced mEPSP amplitude by ‫)%05ف‬ (see Figure 3 and Table in the presence of Ba 2ϩ that heals the passive membrane properties of the muscle. There is no change in minia-1). The altered EPSP shape in Kir2.1 muscle is primarily a consequence of the altered passive membrane propture-release event frequency in wild-type muscle comparing recordings with and without Ba 2ϩ (data not erties of the muscle (Table 1) . This homeostatic regulation of EPSP amplitude is observed at all calcium conshown; see Figure 6C for recordings with Ba 2ϩ ). A second source of error could be introduced if the membrane centrations at or above 0.5 mM external calcium ( Figure  4B ), including physiological calcium (1.5mM) (Stewart is nonlinear over the range of potentials used to test input resistance. However, the mEPSP amplitude does et al., 1994). Below 0.5 mM calcium the synaptic currents are smaller than the Kir2.1-dependent outward current. not change during the current injection used to determine input resistance (data not shown), indicating that As a result, the EPSP amplitudes are smaller than wildtype despite having a larger underlying EPSC than wildthe membrane is linear over the range where we have tested input resistance (see also Figure 2 ). In addition, type (see below for current amplitude measurements). error could be introduced due to nonlinear properties of our current passing electrode, causing an underestiHomeostatic Regulation of Muscle Depolarization Is Independent of the Consensus PDZ-Interacting mation of input resistance. Finally, Kir2.1-expressing muscle has a 10-fold change in the membrane time Sequence in the Kir2.1 Channel The Kir2.1 channel contains a consensus PDZ-interconstant (Table 1) . Previous studies in skeletal muscle have suggested that the amplitude of the mEPSP waveacting sequence (SEI) at its C terminus that is partially necessary for channel localization to the synapse. We form, due to its short duration, is a function of muscle input impedance, which in turn is dependent on the generated a Kir2. 1E-1J) . The channel no longer shows intense localization to the subQuantification of evoked synaptic depolarization (EPSPs) demonstrates that Kir2.1-expressing synapses synaptic membrane folds and increased expression is Figure  3 ) and is similar to Kir2.1-expressing muscle. This data supports the conclusion that the altered membrane properties of the Kir2.1-expressing muscle is due to the ability of the Kir2.1 channel to pass current and is not dependent on its consensus PDZ-interacting sequence.
Controls

UAS-
Next, we questioned if the homeostatic regulation observed in the Kir2.1-expressing animals is dependent on the integrity of the consensus PDZ-interacting sequence in the Kir2.1 channel. We measured the absolute muscle depolarization at the peak of the EPSP amplitude in 0.5 mM Ca 2ϩ and 1.5 mM Ca 2ϩ in animals expressing Kir2.1 AAE in muscle. As in the Kir2.1-expressing muscle, The amplitude of the evoked synaptic current (EPSC) is increased by 34% in Kir2.1-expressing synapses compared to controls ( Figure 5B) . Again, estimation of evoked synaptic currents was performed in saline that includes Ba 2ϩ to ensure accurate voltage clamp recording. Since there is no change in the average amplitude of the mEPSC amplitude in Kir2.1-expressing muscle ( Figure 5A ), this demonstrates an increase in presynaptic transmitter release at Kir2.1-expressing synapses. Indeed, determination of quantal content at these synapses shows that there is a significant 22% increase in quantal content compared to the MHC-GAL4/ϩ genetic control (p Ͻ 0.03) and a 56% increase compared to UAS-Kir/ϩ controls (p Ͻ 0.003) ( Figure 6A ). These data suggest that increased presynaptic release compensates for developmentally impaired postsynaptic excitability of Kir2.1-expressing muscle.
The smaller size of Kir2.1-expressing muscle may, however, impact estimates of the extent of homeostatic compensation at these synapses. A smaller muscle will not require as much transmitter release to achieve appropriate depolarization (Katz and Thesleff, 1957; Lnenicka and Mellon, 1983). Therefore, the observed 22%-56% increase in quantal content may actually underestimate the true extent of synaptic compensation that has occurred at the Kir2.1-expressing synapses because these muscles are smaller than wild-type muscle of a similar developmental stage. We therefore measured muscle surface area and normalized quantal content to muscle surface area (see Experimental Procedures). These normalized data reveal a 43% increase in presynaptic release relative to the MHC-GAL4/ϩ control (p Ͻ 0.001) and a 73% increase in presynaptic release relative to UAS-Kir/ϩ control (p Ͻ 0.001) ( Figure  6B ). These increases may be more representative of the true extent of developmental compensation observed in the Kir2.1-expressing animals.
Additional evidence for an increase in presynaptic neurotransmitter release is the observed increase in the frequency of spontaneous mEPSC events at synapses expressing Kir2.1 postsynaptically ( Figure 6C ). The mEPSC frequency is increased by approximately 50% compared to control animals ( Figure 6C ). We also observe an increase in mEPSP frequency of the same magnitude in current clamp in 0.3 mM Ba 2ϩ (data not shown). Kir2.1 channel in Drosophila larval muscle impairs musincrease in mEPSC frequency supports the conclusion cle depolarization without altering postsynaptic GluR that there is an increase in presynaptic release in the function. We further demonstrate that there is a homeoKir2.1-expressing animals. static increase in presynaptic neurotransmitter release We have observed that the Ba 2ϩ treatment alone that compensates for impaired muscle depolarization causes a reproducible ‫%05-%03ف‬ increase in EPSC caused by postsynaptic Kir2.1 channel expression. This amplitude in control animals while there is no effect of presynaptic compensation allows the synapse to achieve Ba 2ϩ on mEPSC amplitude. Thus, Ba 2ϩ alone causes a precisely wild-type levels of muscle depolarization. Our significant increase in presynaptic transmitter release results indicate that muscle is able to monitor absolute in control animals. Nonetheless, we observe a significant membrane depolarization and use this information to increase in quantal content at the Kir2.1-expressing synachieve compensatory changes in presynaptic release apses when comparing quantal contents that have been determined in Ba 2ϩ for all genotypes. A transient innecessary to maintain appropriate synaptic efficacy. , the synaptic currents are larger than wildWe have presented multiple lines of evidence that demtype ( Figure 5 and data not shown); however the Kir2.1-onstrate an increase in presynaptic neurotransmitter redependent outward current is large enough to effectively lease at synapses where muscle depolarization has shunt the synaptic depolarization at the lower calcium been impaired by expression of the Kir2.1 channel. At concentration (Figures 2 and 4) . The underlying basis the single bouton level, we observe an increase in the for increased synaptic currents at Kir2.1 muscle is an probability of observing a neurotransmitter release increase in presynaptic transmitter release. The number event (Figure 7) . At the level of the entire synapse, we of possible mechanisms that could monitor postsynapobserve a significant increase in quantal content (Figure tic excitability and trigger homeostatic compensation is 6). Finally, there is a substantial increase in the rate of restricted because there is no simple relationship bespontaneous release events at Kir2.1-expressing syntween the synaptic current and synaptic depolarization apses (Figure 6 ). These data support the conclusion that in Kir2.1 muscle. an increase in presynaptic release compensates for the Finally, increased intracellular calcium concentration Thus, information regarding cellular activity can be deis responsible for excitation-coupled contraction of rived from a monitor of membrane depolarization. A muscle. It is possible that additional sources of calcium, monitor of membrane depolarization allows a cell to such as intracellular stores, are also directly involved in directly assess cellular activity, which is the parameter controlling synaptic homeostasis. In this manner the that is being maintained by homeostatic regulatory homeostatic regulation of synaptic depolarization could changes to synaptic function. In addition, this monitor be related to the mechanisms that drive muscle concould be physically located in the cell soma rather than traction. being restricted to the synapse. This is an attractive feature because the monitor would be able to integrate Independent Regulation of Structural and Functional activity at a central location, near the site of action poSynaptic Development tential initiation and in close proximity to the cell nuHomeostatic mechanisms operate throughout larval decleus.
A Homeostatic Increase in Presynaptic
velopment in order to maintain proper muscle function. It is remarkable that the neuromuscular system in the During neuromuscular growth, an increase in both synKir2.1-expressing animals are able to achieve the same apse size and transmitter release is coordinated with level of overall muscle depolarization as in wild-type increased muscle size. Our ability to learn and adapt to our environment is thought to require changes in synaptic connectivity and input resistance decreases and they are more difficult to depolarize. Expression of the Kir2.1 channel in muscle, neural excitation. It seems essential, therefore, that the homeostatic regulation of neural activity should not prehowever, uncouples the normal relationship between input resistance and muscle volume because Kir2.1 exclude activity dependent modification of neural circuitry. Rather, homeostatic mechanisms might establish limits pression dramatically decreases muscle input resistance independent of muscle volume (Table 1) 
